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We present the results of a study of the elastic properties of Gd5Si2Ge2, an alloy with giant magnetocaloric,
magnetostrictive, and colossal magnetoresistive properties. Sound wave velocities measured in a number of
different geometries allowed us to determine the whole elastic tensor for the monoclinic phase of this material.
The anisotropy of the crystal is explored using the polar plots of the variations in the main crystallographic
planes of the sound speed, the Young’s modulus, the shear modulus, and the linear compressibility. The effect
of hydrostatic pressure on the Gd5Si2Ge2 properties is clarified. The acoustical axes are determined. The bulk
modulus is estimated as 68.5 GPa; the Debye temperature is 250 K.
DOI: 10.1103/PhysRevB.74.184105 PACS numbers: 62.20.Dc, 75.20.En, 62.65.k, 75.47.De
I. INTRODUCTION
The ternary compound Gd5Si2Ge2 belongs to a family of
materials whose members exhibit colossal linear
magnetostriction,1 large magnetoresistance,2,3 and an extraor-
dinarily high magnetocaloric effect4,5 in modest magnetic
fields. The general formula of these alloys is R5T4 R=Gd or
another rare earth element; T=SixGe4−x. Their remarkably
flexible crystallography relies upon different stacking of
well-defined, distinctly two-dimensional, self-assembled
nanolayers slabs having the same R5T4 stoichiometry.6 The
unusually strong sensitivity of R5T4 compounds to composi-
tion and numerous triggers, e.g., temperature, pressure, and
magnetic field, is attributed to first-order, martensitic struc-
tural phase transitions that are either coupled with R=Gd
or decoupled from R=Tb or Er substantial changes in mag-
netic sublattices. Depending on composition, the magneto-
structural transition may occur even at room temperature.
When R=Gd and x=0.5, under normal conditions the system
adopts a paramagnetic monoclinic phase with space group
P1121/a the so-called  phase. With temperature decrease,
or magnetic field or pressure increase, the material trans-
forms to a ferromagnetic orthorhombic state space group
Pnma. The natural low dimensionality, the complex inter-
play of lattice and electronic degrees of freedom, the resem-
blance to colossal magnetoresistive and ferromagnetic shape
memory materials, and the potential for a variety of applica-
tions from magnetic refrigeration to microelectromechanical
systems explains the growing interest in R5T4 materials.7–10
Despite considerable effort,1–10 a number of very basic
properties of Gd5SixGe4−x remain unknown. In this paper, we
explore the elastic properties of the  phase of single-
crystalline Gd5Si2Ge2 by means of analysis of its fourth-rank
elastic stiffness tensor Cˆ , whose elements are related to the
slopes of the acoustic phonon dispersion curves in the long-
wavelength limit. The values of the elements of the tensor Cˆ
we evaluate from the measured data of the speed v of the
sound, propagating in a number of directions K with differ-
ent polarizations U, by solving the system of Christoffel
equations:12
Cijklkjkl − v2ikuk = 0, 1
where Cijkl are the components of the tensor Cˆ ; ki ,uj are the
direction cosines for vectors K and U;  is the material den-
sity;  jk is the Kronecker symbol.
The knowledge of the elastic stiffness tensor is of funda-
mental importance. Reliable values of its elements are
needed to establish a rational baseline for first-principles
calculations11 and deeper understanding of R5T4 materials.
II. EXPERIMENT AND RESULTS
For a monoclinic crystal, the tensor Cˆ contains 13 inde-
pendent elements. To determine their values, we used five
Gd5Si2Ge2 crystals cut out from the same boule grown by the
triarc crystal pulling technique.13 The temperature of the
phase transition in all these crystals is 275 K. The density
of the material is 7.54 g/cm3. The Cartesian axes x, y, and z
have been chosen, respectively, parallel to the 100, nearly
parallel to the 010, and parallel to the 001 crystallo-
graphic directions so that the xz plane coincides with the
plane of the slabs, the z axis is along the unique twofold axis
of the crystal, and the y axis is perpendicular to the plane of
the slabs, as shown in Fig. 1. One of the crystals sample 1
was a rectangular parallelepiped, delimited by 100, 010,
and 001 facets. Three crystals, samples 2, 3, and 4, were
cut with two parallel surfaces perpendicular to the 110,
011, and 101 directions, respectively. For control pur-
poses, an additional crystal 5 was cut with two parallel
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001 surfaces. The surfaces of the crystals were polished to
optical quality. Misalignment of all surfaces was 1° or better,
except for the 011 and 110 faces, which might have been
misaligned by no more than 2°. The sound speeds were mea-
sured by the ultrasonic pulse-echo overlap technique14 using
LiNbO3 transducers with resonant frequencies of 60 MHz
for the longitudinal waves and 40 MHz for the transverse
waves. Overall we have measured the values of the sound
speed in 18 experimental configurations, as shown in Table I.
From the system 1, one can obtain several relationships
that allow cross-checking the measured sound velocities.15
These relationships we found especially useful since our data
were collected on different samples:
vz/y
2 + vz/x
2
= vy/z
2 + vx/z
2
,
or 11.23 vs 11.38 km/s2, 2a
vy/z
2 +
1
2
vy/y
2 + vy/x
2 + vz/z
2 + vx/z
2  = vyz/yz
2 + vyz/x
2 + vyz/yz¯
2
,
or 28.63 vs 28.14 km/s2, 2b
vx/z
2 +
1
2
vy/z
2 + vz/z
2 + vx/y
2 + vx/x
2  = vxz/xz
2 + vxz/xz¯
2 + vxz/y
2
,
or 26.51 vs 26.70 km/s2, 2c
vy/z
2 vx/z
2
− vxy/z2 − 12 vy/z2 + vx/z2 	2 = vz/y2 vz/x2 ,
or 30.74 vs 29.75 km/s4, 2d
where indices denote the sound propagation and polarization
directions, respectively. As is seen, the disagreement between
the sides of Eqs. 2a–2d does not exceed the measurement
error.
Due to the large number of parameters involved, and ac-
cumulation of measurement and calculation errors, solving
the system of Christoffel equations 1 is not a trivial task.
This explains the relatively small number of works15,16
whose authors were able to determine the full elastic tensor
for monoclinic materials using a similar technique. In the
paper presented, the full set of the elastic stiffness constants
was calculated according to the method, described in Ref.
15. The results of these calculations are shown in Table II.
Note the relatively small values of the last four constants
C16, C26, C36, and C45. If they were equal to zero, the crystal
would have had an orthorhombic symmetry. The reliable
derivation of these four constants is the most difficult
task,15,16 since it requires precise sound speed measurements
on precisely oriented high-quality homogeneous crystals. Be-
low, we will show their importance for the correct descrip-
tion of the elastic properties of the material.
III. ANALYSIS AND DISCUSSION
Substituting the obtained set of the elastic constants back
into the Christoffel equations 1, one can determine the
speed for all three sound modes, one longitudinal and two
transverse, propagating in an arbitrary direction. Figure 2
shows cross sections of the reversed sound wave velocity
slowness surfaces, demonstrating the anisotropy of
Gd5Si2Ge2 in the monoclinic  phase.
In the general case, a sound wave propagating in an arbi-
trary direction represents a superposition of three mutually
TABLE I. Measured values of the sound speed ±0.8% . Sub-
scripts in the v column denote the sound propagation q and polar-
ization u directions. The sample number is shown in braces in su-
perscript of the “Path” column.
vq/u
Value
m/s
Path
sample no.
mm vq/u
Value
m/s
Path
sample no.
mm
vx/x 3945 2.13
1 vxy/z 2530 2.66
2
vx/y 1910 2.13
1 vyz/x 1945 2.65
3
vx/z 2150 2.13
1 vyz/yz 4270 2.65
3
vy/x 1870 2.11
1 vyz/y¯z 2475 2.65
3
vy/y 4220 2.11
1 vxz/y 2295 3.37
4
vy/z 2600 2.11
1 vxz/xz 4000 3.37
4
vz/x 2070 2.30
1 vxz/xz¯ 2330 3.37
4
vz/y 2635 2.30
1 vz/x 2060 2.09
5
vz/z 4220 2.30
1 vz/y 2640 2.09
5
vxy/xy 4000 2.66
2 vz/z 4220 2.09
5
vxy/xy¯ 2210 2.66
2
FIG. 1. Color online Structure of Gd5Si2Ge2 crystal in the
monoclinic phase and selection of Cartesian axes. Vector b lies in
the xy plane, perpendicular to the z direction.
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orthogonal modes, being neither longitudinal nor transverse.
However, there are special directions P, known as acoustical
axes, in which propagation of pure unmixed modes is pos-
sible. For many practical tasks, including first-principle cal-
culations and investigations of stressed crystals,17 the knowl-
edge of these directions is desirable. They can be determined
from the set of equations12,17 i=1,2 ,3
ijkCjlrspkplprps = 0, 3
where pi are the direction cosines for P; ijk has the value of
+1 −1 if i , j ,k are even odd permutations of 1,2,3; ijk has
a value of zero if at least two indices are equal. In a mono-
clinic system, Eq. 3 has solutions lying in the plane normal
to the twofold axis. Calculations show that in Gd5Si2Ge2 the
acoustical axes are located at angles of 17.6°, 65.7°, 107.8°,
and 149.6° clockwise with respect to the y axis Fig. 2a.
Very often, it is more convenient instead of the elastic
stiffness tensor Cˆ to use its reciprocal, i.e., the elastic com-
pliance tensor Sˆ =Cˆ −1. The elements of Sˆ are also listed in
Table II. Below we present the most interesting results that
follow from the analysis of this tensor.
The Young’s moduli, the ratio of an applied longitudinal
stress to the resulting longitudinal strain, in the x, y, and z
directions are given by the reciprocals of the elastic compli-
ance constants18 S11, S22, and S33. Using the rotation opera-
tor, from the tensor Sˆ , we obtain the cross sections of the
Young’s modulus surface in the three planes xy, xz, and yz,
presented in Fig. 3a. Similarly, from the elements S44, S55,
or S66, one can obtain cross sections of the shear modulus
Fig. 3b: the ratio of an applied shear strain to the resulting
shear stress. Knowing the elastic compliances, it is also not
difficult to calculate the linear compressibility,18 the relative
change of linear dimensions of a crystal when it is subjected
to unit hydrostatic pressure. The cross sections of this surface
are shown in Fig. 3c.
For comparison, Figs. 3a–3c also show the cross sec-
tions of the corresponding surfaces if the symmetry of the
crystal was approximated as orthorhombic. It is seen that
neglecting the last four elastic constants from Table I C16,
C26, C36, and C45 leads to relatively insignificant changes in
the elastic behavior of the crystal in the xz and yz planes.
However, it causes much stronger changes in the xy plane,
leading not only to disappearance of the monoclinic tilt in all
three cross sections, but also to dramatic modification of the
shape of the Young’s modulus surface itself Fig. 3a.
From Fig. 3b one can see that the shear modulus has the
highest value in the xy plane at an angle of 107.8° clockwise
with respect to the y axis, which remarkably coincides with
one of the acoustic axes. This is also the direction of the
highest linear compressibility of the crystal Fig. 3c.
Knowing the form of the Gd5Si2Ge2 elastic tensor, we can
clarify the earlier results obtained on this crystal under a
hydrostatic pressure.19 Mathematically, the application of hy-
drostatic pressure can be described as a product of the tensor
Sˆ and vector − ,− ,− ,0 ,0 ,0T. In the result, due to the
nonzero values of the elements C16, C26, and C36, besides the
usual contraction of the Gd5Si2Ge2 crystal dimensions, there
is also appearance of a shear strain in the xy plane, which
reduces the monoclinic distortion of the lattice. This explains
the experimental fact that the application of pressure causes a
slab shift along the x axis and induces the phase transition.19
TABLE II. Elastic stiffness GPa and compliance TPa−1 constants of Gd5Si2Ge2 at room temperature.
C11 C22 C33 C44 C55 C66 C12 C13 C23 C16 C26 C36 C45
114.9±2 127.4±2 133.2±2 50.3±1 34.9±1 30.0±2 37.9±2 38.8±5 46.7±5 −14.6±1 18.8±1 4.5±4 5.3±2
S11 S22 S33 S44 S55 S66 S12 S13 S23 S16 S26 S36 S45
11.9±.5 11.2±1 9.1±.5 20.2±.3 29.1±.5 43±2 −3.9±.4 −2.4±.8 −2.5±.3 8.6±.8 −8.6±.8 −1±1 −3.1±1
FIG. 2. Color online Cross sections of the slowness surfaces in
xy a, xz b, and yz c planes. The solid circles indicate the quasi-
longitudinal mode, the open circles represent the pure shear mode,
and the crosses show the quasishear mode. The thick lines a indi-
cate the acoustical axes.
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Other important parameters are the volume compressibil-
ity S  =i,k=1
3 Siikk=14.6 TPa−1 and the reciprocal to it bulk
modulus C  =68.5 GPa. Note that the value of the bulk
modulus determined by the ultrasonic technique is signifi-
cantly more reliable than that extracted from pressure-
dependent x-ray powder diffraction.19
Our data also allow us to estimate the Debye
temperature20 of Gd5Si2Ge2:
D =

kb
62NV 
1/3
vD,
vD
−3
=
1
12i=1
3 
	
vi
−3
,d	 , 4
where  and kb are the Plank and Boltzmann constants; N is
the number of atoms in a unit cell; V is the volume of the
unit cell. In calculating the average velocity vD, the summa-
tion runs over all three 
- and -dependent acoustic phonon
modes, and integration runs over the whole solid angle 	 of
4. The unit cell of Gd5Si2Ge2 contains four molecules,6 so
N=36. The volume of the unit cell6 of Gd5Si2Ge2 is V
=876 Å3. The average speed of sound is vD2.43 km/s, so
the value of the Debye temperature, estimated from the elas-
tic properties, is D250 K. Remarkably, this number is
close to the value of 245 K that we calculated from the
specific heat measurement data.4
IV. CONCLUSION
Using the pulse-echo ultrasonic technique, the speeds of
the longitudinal and transverse sound waves propagating in
six crystallographic directions of Gd5Si2Ge2 have been mea-
sured. These measurements allowed us to derive the values
of all 13 independent elements of the elastic compliance and
stiffness tensors for the monoclinic phase of this material.
The elastic properties of the crystal are characterized by
means of the analysis of its Young’s modulus, shear modu-
lus, and compressibility surfaces. The effect of the hydro-
static pressure on the phase transition is explained in terms
of the elastic tensor. The acoustical axes are determined. The
values of the bulk modulus and the Debye temperature are
estimated.
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FIG. 3. Color online Cross sections of the Young’s modulus a, the shear modulus b, and the linear compressibility c surfaces. The
top panels show cross sections in the xy plane solid circles; the bottom panels overlap the xz solid circles and yz light circles planes.
Continuous lines show the shape of these cross sections if the crystal symmetry was approximated as orthorhombic the last four constants
in Table II, C16, C26, C36, and C45, were neglected. Units for the radius vector are GPa a,b and TPa−1 c.
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